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Achieving food security in a ‘perfect storm’ scenario is a grand challenge for
society. Climate change and an expanding global population act in concert to
make global food security even more complex and demanding. As achieving
food security and the millennium development goal (MDG) to eradicate
hunger influences the attainment of other MDGs, it is imperative that we
offer solutions which are complementary and do not oppose one another. Sus-
tainable intensification of agriculture has been proposed as a way to address
hunger while also minimizing further environmental impact. However, the
desire to raise productivity and yields has historically led to a degraded
environment, reduced biodiversity and a reduction in ecosystem services
(ES), with the greatest impacts affecting the poor. This paper proposes
that the ES framework coupled with a policy response framework, for
example Driver-Pressure-State-Impact-Response (DPSIR), can allow food
security to be delivered alongside healthy ecosystems, which provide many
other valuable services to humankind. Too often, agro-ecosystems have
been considered as separate from other natural ecosystems and insufficient
attention has been paid to the way in which services can flow to and from
the agro-ecosystem to surrounding ecosystems. Highlighting recent research
in a large multi-disciplinary project (ASSETS), we illustrate the ES approach
to food security using a case study from the Zomba district of Malawi.1. Introduction
In 2009, Sir John Beddington, the UK’s chief scientist, described an oncoming ‘per-
fect storm’ scenario. Unless 50% more food, 50% more energy and 30% more
freshwater were available by 2030, he argued, there would be simultaneous
food, water and energy shortages on a global scale [1]. While there have been pre-
dictions for each of these key ‘commodities’ from 2050 onwards and in isolation,
this ‘perfect storm’ metaphor has struck a chord with governments and civil
society owing to the immediacy and complexity of the linked issues; pursuit of
food security is inextricably linked to water and energy security, especially
with the increasing demand and desire for biorenewables [2]. A key challenge
highlighted in several recent high-level reports and reviews is how to increase
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2food security sustainably in a climate-change-resilient manner,
while reducing greenhouse gas emissions, alleviating poverty
and conserving biodiversity [3–6].
It is important to recognize that food security is not just
about increasing yields. Food security ‘exists when all people,
at all times, have physical and economic access to sufficient,
safe and nutritious food to meet their dietary needs and food
preferences for an active and healthy life’ [7]. It is determined
by four factors: (i) availability (from agricultural production
and land-use or exchange); (ii) stability of supplies (e.g. season-
ally and from year to year); (iii) access (dependent on financial
means but also physical access and social factors); and (iv) bio-
logical utilization of food (e.g. nutritional diversity and food
safety issues) [8]. Thus, increasing yields will address only one
aspect of what makes individuals, households, communities
and nations food secure or insecure. Addressing food insecurity
requires multi-disciplinary perspectives and solutions.
Agricultural ecosystems are managed by humans largely to
optimize provisioning ecosystem services (ES), such as food,
fibre and fuel, yet these benefits depend upon regulating ES,
for example pollination, from the wider landscape and environ-
ment for their long-term provision and sustainability [9].
Agriculture, in turn, also provides essential regulating, provi-
sioning and cultural services to communities. Managing the
cultivated agro-ecosystems and their interaction with unculti-
vated ‘natural’ ecosystems is thus not only important now,
but will also become increasingly important while seeking to
achieve or increase food security and maintain environmental
integrity and resilience. Agriculture currently accounts directly
for approximately 19–29% of global greenhouse gas emissions
and is also the leading driver of deforestation and forest degra-
dation globally, which accounts for an additional 17% of global
carbon emissions [10]. For example, between 1980 and 2000,
83% of new croplands and pastures in the tropics were created
at the expense of natural forests [11]. Reducing emissions from
agriculture (e.g. through broad-scale adoption of ‘climate
smart’ agriculture) and preventing the expansion of agriculture
into remaining forested areas [12] must be central components
of any mitigation plan. Indeed, ongoing policy discussions on
REDDþ (Reducing Emissions from Deforestation and Forest
Degradation and forest enhancement) recognize that tackling
the drivers of deforestation and degradation, particularly agri-
culture, is the key for success [13]. The contribution of
agriculture to biodiversity loss [14] means that finding ways
to ensure that agriculture can meet the growing food
demand without further degrading natural ecosystems is also
critical for the overall goals of the Convention on Biological
Diversity.
In its Ecosystem Management Policy report on Food and
Ecological Security, the United Nations Environment Pro-
gramme (UNEP) attempts to identify the trade-offs and
synergies of these two objectives [15]. However, traditional
approaches to investigating the interacting processes between
food security and ES, e.g. based upon deterministic conceptu-
alizations and neoclassical economics, fail to capture causality
or even acknowledge that stocks of natural capital are dwind-
ling and may already be too low to sustainably support
long-term societal benefits, health and well-being. Power [16]
is optimistic in suggesting that ‘there have been several
recent advances in our ability to estimate the value of various
ecosystem services related to agriculture, and to analyze the
potential for minimizing tradeoffs and maximizing synergies’
(p. 2969). The Millennium Ecosystem Assessment and UNEPreports also offer optimism and solutions, while highlight-
ing the need for future research to generate spatially and
temporally explicit frameworks [15,17].
The ES framework—in which services and goods provided
by natural and semi-natural ecosystems are explicitly linked to
human well-being [18]—has considerable potential for mana-
ging land to achieve both food security and environmental
sustainability. This is because both agricultural production,
and services associated with agro-ecosystems, as well as
more natural environments (i.e. the existence value of biodiver-
sity, flood and climate regulation services), are encompassed
by the framework.
Since the publication of the Millennium Ecosystem Assess-
ment, the ES framework has become highly influential in
both academia and policymaking. At international level,
an example of this is the establishment in 2012 of the new
Intergovernmental Platform for Biodiversity and Ecosystem
Services. The Millennium Ecosystem Assessment has also
been instrumental in generating numerous national ecosystem
assessments [19–21] and ES valuation reports [22], resulting in
the possibility of taking an ES approach to address global
environmental challenges, such as in the World Bank’s
Wealth Accounting and Valuation of Ecosystem Services
(http://www.wavespartnership.org/waves/) initiative, the
International Council for Science and UNESCO’s Programme
for Ecosystem Change and Society initiative [23], and the
UK’s Ecosystem Services for Poverty Alleviation (ESPA, see
http://www.espa.ac.uk/) research programme.
Surprisingly, in spite of this growing interest, few attempts
have been made to explicitly outline how an ES framework can
be operationalized to sustainably fulfil the multiple demands
made of food security as well as addressing the need for
environmental sustainability. Although the Convention
on Biological Diversity has defined principles and guide-
lines for its ecosystem approach [24,25], the latter has a
strong focus on the conservation and sustainable use of bio-
logical diversity. By contrast, the human well-being focus
of the ES framework of the Millennium Ecosystem Assess-
ment introduces additional challenges relating to the need to
recognize and negotiate trade-offs between producers and
beneficiaries of different services.
Here, we outline how the ES framework needs to be unpack-
aged to achieve food security in a sustainable manner. We argue
that three key interlinked entry points are vital to achieving this:
(i) understanding the spatial and temporal scale of ES; (ii) disag-
gregation of the beneficiaries of different ES and (iii) supporting
the negotiation of trade-offs (including quantification, valuation
and governance) between the demands of different ES users. We
focus specifically on the application of such an approach for
the rural poor at the forest–agricultural interface owing both
to its importance for the 550 million people globally [26]
who live in such areas and the linkages between natural and
agro-ecosystems within them. We argue that the disaggrega-
tion of both beneficiaries and of the different elements of food
security within the broader supply and use of ES, and quantifi-
cation of both, are essential for effective management of ES for
sustained human well-being and environmental sustainability
in such regions.
We demonstrate this with an example of how an ES fra-
mework can be applied to research at the forest–agriculture
interface in Malawi, where all the authors are engaged in a
joint research project. One of the world’s poorest countries,
with a Human Development Index ranking of 170 out of
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Figure 1. Schematic of the direct and indirect routes by which ES and benefits contribute to food and nutritional outcomes.
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186 [27], Malawi had a population estimated at 13.1 million in
2008 growing at a rapid rate of 2.9% per year [28]. Some 39%
of the population lives on less than US$1 per day [29]. The
country’s principal economic activity is agriculture, which is
predominantly rain-fed, making it vulnerable to climatic
shocks [30]. Deforestation rates range from 1 to 2.8% per
year, varying across different parts of the country and across
different types of forestry resources [28]. Malawi serves here
as an example of many developing regions of the world
where agricultural and forest products and services constitute
the primary foundations of local livelihoods and well-being.2. The relationship between food security and
the environment
As highlighted by the food systems approach [31], the
relationship between food security outcomes and the
environment is complex and multi-directional. Thus, food
security is not only dependent on (non-provisioning) ES but
is also one of the greatest drivers of the loss of ES. The pursuit
of food security through increased agricultural production,
including through changes in land-use, land-cover, manage-
ment practices and agricultural inputs (such as fertilizer,
pesticides, irrigation), is a key driver of landscape change
[15]. Even less-intensively managed types of provisioning
services, for example harvesting of non-timber forest pro-
ducts (NTFPs), can lead to resource depletion, especially
when harvested for commercial purposes, unless appropriate
governance and education systems are in place [32,33].
Food availability for many of the world’s rural poor is
particularly dependent on their being able to benefit from
the flow of ES from non-agricultural ecosystems (figure 1).
This may take many forms. The first is regular direct con-
sumption of wild foods [34,35]. For example, wild foods
account for over one-fifth of the diet of children in parts of
South Africa and are particularly important for those from
vulnerable households [36]. Secondly, wild foods are also
often important safety nets for farmers when crops fail or
food stocks run low [37,38]. Thirdly, food availability isfurther assured by ES to agriculture, from water for irriga-
tion, timber for fencing and implements, to crop pollination
[39–41] and pest regulation [22,42].
Food utilization is heavily dependent on the availability
of fuelwood and clean water to enable households to prepare
food safely [43]. Where people have poor access to fuelwood,
they may be unable to cook or will shift to lower quality
foods or eat fewer meals [44,45], all of which has impacts
on health and nutrition, particularly of young children [46].
Incomes from trade in non-agricultural provisioning ES,
such as fruit, nuts, fibres, resins and other NTFPs, also play
a critical indirect role in food access by enabling households,
particularly poor ones, to purchase food [47–49]. Less tangi-
ble contributions to food security from ecosystems include
the use of sacred forests for harvest festivals [50] or, among
the Loita Maasai, for initiation ceremonies conferring respon-
sibility for different aspects of resource management [51].
These reserved sacred sites may also be important for the
supply of other ES, such as pollination, pest control, fodder,
biodiversity or water [52], which support a stable system of
food security.
Flows of ES are shaped by complex and dynamic systems
that operate over multiple temporal and spatial scales and
often exhibit stochastic behaviour [53]. This complexity
often makes it difficult to resolve an appropriate course of
collective action to pursue sustainable livelihoods. In times
of livelihood shocks (e.g. crop failure), the maintenance of
flows of ES to the rural poor can become the only lifeline
available [54]. In addition, the nature of many ES is dynamic,
changing both in predictable cycles (e.g. seasonal) and in
response to extreme events (such as floods, droughts, fires
and pest outbreaks). Thus, the contribution of NTFPs to
household livelihoods is known to be particularly important
during the ‘lean’ or non-agricultural season [55,56]. Crises,
for example Hurricane Mitch in Honduras, can bring to the
fore the importance of forests as a ‘natural insurance’ for
poor families [57]. The importance of direct use of ES is also
a function of distances from the sites where specific ES are
provided, such that the use declines with increasing opportu-
nity costs of harvesting associated with increasing travel
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4distances [58]. Thus, the loss of ES provisioning sites can
severely disadvantage poorer households who subsequently
have to travel much farther to obtain their needs. Within house-
holds, women may be the hardest hit; Sorenson et al. [59]
highlight the disproportionate burden of water collection,
which rests with women, particularly as the distance to the
water source increases.
As indicated in figure 1, the relationship between food
security and the environment can be affected by a range of
internal and external drivers, of varying predictability and
intensity. Communities may be able to adapt their use of
ES in response to gradual trends, such as demographic
changes and declining soil fertility. However, sudden
shocks (e.g. droughts, earthquakes, commodity price col-
lapses, disease or war), and unusual combinations of these
in time or space, can lead to excessive pressure being exerted
on ecosystems and cause degradation. The fact that develop-
ing countries typically have inadequate institutional ‘safety
nets’, and inequitable access to fertile lands, resources and
secure income often forces the rural poor to prioritize their
short-term needs (i.e. feeding their families) over long-term
sustainability [60]. Consequently, daily decisions for poor
rural communities at the forest-agriculture interface are
driven by coping strategies involving trade-offs of different
ES. These decisions may be at odds with ES management
priorities at other spatial or temporal scales.3. Integration of food security and
environmental sustainability within an
ecosystem services framework
In this section, we examine in more detail the three elements
of an ES framework we consider to be key in relation to
achieving food security and environmental sustainability.
There is a great deal of common ground between our first
two elements (multiple scales of analysis and disaggregation
of beneficiaries) and the five operational guidelines of the
Convention on Biological Diversity [24]: however, our third
element moves beyond what is provided for within the
Convention’s ecosystem approach by explicitly dealing with
the trade-offs decision-makers need to make to achieve mul-
tiple outcomes (for example, delivering both food security
and environmental sustainability) from one area.
(a) Scales of analysis
As previously argued, the scale of analysis has a strong influ-
ence on how one views and describes a system. Focus on a
single scale may obscure important processes at either finer
or broader scales [60,61]. With respect to ES, it is neces-
sary to consider not only biophysical processes but also
institutional processes, which may operate at very different
scales. Water catchments, for example, may cross several
administrative boundaries, requiring the establishment of
new forms of joint decision-making between upstream land
managers and downstream beneficiaries. To achieve multiple
goals (e.g. food production and ecosystem integrity and resi-
lience), it is necessary to integrate across all pertinent spatial
and temporal scales. Spatially, the local to national focus is
important to really understand the local issues but these
need to be set within a national context—i.e. identifying
and understanding internal and external drivers of particularsituations. At the forest–agriculture interface, which typically
consists of a mosaic of more- and less-intensively managed
habitats, there is a particular need for an integrated landscape
approach to understand how the dynamic interactions
between patches affect the delivery of ES [62–64].
Temporally, the flow of ES and human needs is not static
[53]. Consequently, any analytical approach must embrace a
wide range of temporal scales, fostering learning from past
events and also giving a sense of the biophysical limits of
what can be sustainably extracted from an ecosystem over
time. Establishing institutional systems that can deal with the
varying temporal scales (e.g. continuous, episodic, cyclical
and stochastic) at which many biophysical processes operate
is a particular challenge. This is further hampered by our lack
of understanding of interconnectivity and feedback across
overlapping scales within social–ecological systems [60].
(b) Disaggregation of the beneficiaries
Recognition of the importance of disaggregating beneficiaries
is relatively recent (e.g. [65]), but is now increasingly accepted
to be critical for managing ES fairly [66]. We highlight the
need to understand the disaggregation of two components.
The first is to understand who benefits from different ES (in
space and time) and how the benefits flow through to food
production or other utility. This is a key difference to much
policy-level food security work which deals with aggregated
data for whole countries, regions or zones (e.g. [67]) as illus-
trated in the Food Estimation and Export for Diet and
Malnutrition Evaluation (FEEDME) model (see box 1). The
same applies to much ES work, where mapping scales are at
catchment or larger scales, with limited explicit links to who
the beneficiaries are for specific ES and where in the landscape
they reside or farm [69]. Community and household-based
studies are particularly important in disaggregating local ben-
eficiaries (e.g. by gender or socioeconomic status) of different
ES. However, for ES of global concern, such as biodiversity
conservation and carbon sequestration, it is also important to
determine how the needs of global beneficiaries interact with
or affect the ability of local people to obtain the ES they need
to support their livelihoods [70–72].
The second dimension requiring disaggregation therefore
pertains to governance: understanding who takes decisions
about different ES (both about the management of the
source ecosystem and the management of the flow of service,
e.g. in irrigation or fuelwood-harvesting situations) and
whether other users and stakeholders respect their authority
to do so. Participatory engagement is the key to understanding
this at the local level but this has to be combined with district-
and national-level analysis to consolidate the official govern-
ance perspective on management activities with what is
happening de facto on the ground. Increasingly, we must also
consider the impacts of governance at the international level.
(c) Consideration of trade-offs in policy- and
decision-making
The two points above lead to the clear understanding that
there are always going to be trade-offs between which ser-
vices are prioritized from which ecosystems and for whom.
Some authors go so far as to argue that all environmental
management interventions in the Global South are likely to
lead to both justices and injustices [73]. The greater the
Box 1. The food estimation and export for diet and malnutrition evaluation (FEEDME) model.
The FEEDME model has been developed for predicting climate change impacts on food security at a global scale (figure 2)
and uses the Food and Agriculture Organisation (FAO) food energy deficiency methodology [68]. This methodology uses
dietary energy supply, minimum dietary energy requirements and inequality in access to food to model the proportion of
undernourishment within populations (at a national or local community scale).
— Food availability based on production, trade and non-food uses, etc. is recorded in a Food Balance Sheet (FBS), an
account of all food items consumed at the household level, to calculate the mean dietary energy supply mx in calories
per capita per day.
— Inequality in income and access to food is measured using a Gini coefficient, which is used to skew the distribution using
a lognormal probability density function (figure 3).
— Minimum dietary energy requirement (MDER) per person per day is calculated using basic metabolic rate and physical
activity levels according to the age and gender structure of the population. Population below this minimum cut-off is
considered undernourished.
The FEEDME model uses projections of population and gross domestic product (GDP), world trade impacts, land use and
agricultural productivity developed under future social-economic scenarios and associated climate change to estimate num-
bers of undernourished people in developing countries. Crop modelling data and a world trade model are used to update
FBSs through changes in productivity and agricultural trade, respectively, as a percentage of change from a defined baseline.
Changes in the amount of cropland, fisheries and livestock data can also be used to update FBSs.
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6human demands on a landscape, and the less transparent or
legitimate local governance or authority systems are, the
more intractable the trade-offs (e.g. between provisioning, reg-
ulating and cultural ES) become [74,75]. We argue that taking
an ES approach means firstly that there is a greater opportunity
for integration, and hence a reduced need for trade-offs
between social and ecological needs [76] and secondly, that
trade-off decisions are made more transparently, and more
equitable compromises can be reached that recognize the
needs of current stakeholders and future generations in differ-
ent locations. It is important to recognize, however, that the
trade-off analysis is inevitably a risk-based process, especially
where the lives of poor people are concerned. While priority
should be given to those ES that can alleviate poverty and
hunger in the short term, this should not lead to a reduced
capacity in other critical ES on a sustainable basis. The chal-
lenge for policymakers is to adopt a risk evaluation method
that can be used to analyse trade-offs and demonstrate causal
relationships in future scenarios.
Achieving an integrated approach is supported by the
widespread recent recognition in the ES literature of the impor-
tance of managing for ‘bundles’ of services [74] rather than
individual services. Ecosystem ‘bundles’ are defined as sets
of ES that repeatedly appear together across space or time
[74]. Focusing on bundles rather than on individual services
allows a way to consider the trade-off analysis in diverse land-
scapes shaped by both social and ecological forces and could
be a powerful way of looking at agro-ecosystems [75,77]. This
contrasts with many Payments for Ecosystem Services schemes
which, by promoting maximization of a single marketed ES
(like sequestered carbon or biodiversity), can reduce the
flows of other services [78,79], thus constituting a potential
risk to the achievement of food, energy or water security for
certain beneficiaries. Achieving food security sustainably
therefore requires examining bundle-based trade-offs between
provisioning and other ES for multiple beneficiaries [66].
Although a variety of integrated platforms for spatial
modelling of ES have been developed over the last few
years [80–82], these have barely begun to enable the investi-
gation of the interactions and complex trade-offs between
services under different scenarios that are crucial to food
security. Because ES are inherently process-based and con-
nect complex systems whose dynamic nature is poorly
understood, high levels of ingenuity are required to produce
useful models without oversimplifying the system [83,84].
Novel methodologies, for example the ARtificial Intelligence
for Ecosystem Services approach (ARIES: [81,82,85,86]), are
designed to be applied in the data-scarce contexts that are typical
of ES applications (even more so in developing countries) but
without dismissing the complex and dynamic nature of the ES
problem. Such methods are waiting to be put to the test in the
highly complex, real-life contexts studied by projects, for
example the ASSETS project (http://espa-assets.org/) in
which all authors are involved. Delivering on the promise of
addressing this complexity and its consequences, while remain-
ing tractable and ‘scalable’ to different levels of detail and
available information, remains a primary test case for the ability
of twenty-first century science to address social needs and to
usefully inform real-life decision-making workflows.
The results from advanced modelling frameworks, for
example ARIES, must be linked to policy needs to use this infor-
mation to design response mechanisms that are robust and
consistent at multiple scales. The Driver–Pressure–State–Impact–Response (DPSIR) framework, which originated in
social sciences over 30 years ago [87], is a useful analytical fra-
mework for developing conceptual understandings of such
interactions and feedbacks for ES (e.g. [88]). On the surface,
DPSIR appears to be limited by its linearity: Drivers (such as
population increase) deliver Pressures (e.g. overharvesting of a
natural resource), which change the State of the ecosystem or
ES (e.g. the standing stock of NTFPs), which produces Impacts
(e.g. in human well-being) which lead to Responses (policy
change, switch to other resources, etc.). Rounsevell et al. [89]
suggest that this perceived linearity obscures the feedbacks pre-
sent in social–ecological systems, although others (e.g. [90])
point out that the DPSIR model explicitly accounts for feed-
backs via responses (either by local agents or by policy on a
wider scale) and can easily be adapted to deal with complex
questions relating to the relationships between environmental
change and ES and how society might adapt to maintain ES
provision at the levels it needs to maintain or enhance human
well-being. A key element of applying the DPSIR framework
is that it must be used to define the right question, i.e. to deal
with the local challenge of environmental degradation, societal
need, agricultural policies, etc. For this reason, the questions
should be framed by the relevant stakeholders via participa-
tory approaches rather than imposed by external agencies or
developed at a scale that may not be relevant.
Scenario-building exercises can also be immensely helpful
to allow stakeholders to discuss different options [65]. While
an inclusive process using the best possible data in formats
accessible to the widest group of stakeholders can help to
achieve a fairer outcome, political ecologists caution against
the hopeful ideal of a simple evidence-based policy process
[91]. Resolving trade-offs requires a process for valuing ES
together with clear and transparent criteria for deciding
whose values to prioritize. Methods for valuing ES are
varied and remain contested [92]. This applies particularly
to non-marketed ES, similar to some cultural and spiritual
services, with the possible result that their real value to com-
munities may be trivialized and not given proper weight
in decision-making [93]. Thus scenario-building or DPSIR
processes, at local or national level, must take account of
power differentials and consider carefully who is recognized
as eligible to take part in decision-making [94]. Most impor-
tantly, there should be transparency about the goals of the
process, whether these are concerned primarily with environ-
mental improvement or strive for poverty alleviation and
perhaps even reduction of existing inequities [92,95].4. Applying the ecosystem services framework to
food security predictions: Malawi case study
Here, we use the example of Malawi to illustrate our pro-
posed approach of managing ES for food and nutritional
security considering each of the three elements outlined
above in §3. Malawi is a country experiencing rapid popu-
lation growth and significant land-use change already
exacerbated by climate change. The country is characterized
by persistent high fertility rates underpinning the high popu-
lation growth. On average, Malawian women have more than
five births, and as a consequence the population of the
country has more than quadrupled in 50 years since 1960
to just under 15 million [96], placing an increasing strain
on the country’s natural resources [28]. By 2050, the UN
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predicts that Malawi’s population will exceed 45 million.
Although the uptake of family planning methods is increas-
ing, there is still a preference for large families [97].
Approximately half of all children under the age of 5 years
are chronically malnourished [97] and more than 50% of
the population live below the national poverty line [98].
The Malawi Vulnerability Assessment Committee [99]
estimates that the number of people at risk of being food inse-
cure in October 2012 was 1.97 million (13%). In the following
sections, we show how national-level estimates of undernour-
ishment are important but may need to be grounded at
local scale in order to design appropriate policy responses.
In particular, we highlight the importance of disaggregating
beneficiaries and of supporting a transparent negotiation of
trade-offs among different ES users.
(a) Linking national-scale predictions of
undernourishment to the local level
At national level, the dietary energy provision-based method-
ology for rapid assessment of undernourishment has become
the de facto standard indicator of food insecurity [100]. Taking
advantage of national level annual FAO data on food pro-
duction and dietary statistics [101], this approach has the
advantages of being transparent and globally applicable
using existing datasets. It can directly empower governments
and development agencies to tailor policies that match
national dietary needs with strategies and mechanisms that
directly support those needs, such as agricultural production
and international trade in food commodities. This method-
ology is based upon the premise that food deprivation is
based on a comparison of usual household food consumption
expressed in terms of dietary energy (kcal) with minimum
energy requirement norms. Populations with food consump-
tion below the minimum energy requirement are considered
underfed [68]. Box 1 shows how the FAO methodology has
been integrated into a conceptual framework with a range
of climatic and demographic factors. The FEEDME frame-
work can be used to develop future scenarios of climate,
population and social-economic change.
Taking Malawi as an example, we estimated current assess-
ments and future changes in undernourishment using
FEEDME for the period 2000–2050 using climate change and
population drivers according to the Special Report on Emis-
sions Scenarios (SRES) A1b scenario and the 2010 revisionsof the UN medium variant population growth projections
(figure 4). Although the SRES A1b, a high global emissions
scenario leading to a mean global warming of around 28C
relative to the 1961–1990 baseline, is only one of many possi-
ble future greenhouse gas emissions trajectories, we used
this, together with the UK Meteorological Office HadCM3
General Circulation Model, to highlight trends that support
Beddington’s ‘perfect storm’ scenario. Climate change impacts
on food production were simulated by modifying food balance
sheets through adopting results from crop simulation models
[102]. The analysis presented here used changes in wheat and
maize production as proxies for all C3- and C4- (photosyn-
thetic pathway) type crops, respectively. While most crops
(more than 85%) are classified as C3 types (wheat and rice
being the two most important cereals on a global scale), C4-
type crops (e.g. maize, millet, sugarcane and sorghum) are
also very important food crops for many developing countries,
including Malawi. The results (figure 4) show a dramatic
increase in undernourishment which is clearly a function of
both population growth and projected decline in primarily
maize production which, on a global scale, shows a 35–40%
mean reduction [103]. However, it should be noted that the
model scenario assumed that the population demographics
(age and sex structures), food inequality Gini coefficients,
minimum dietary energy requirements and food imports all
remained at the baseline values. These assumptions are impor-
tant caveats, which mean that the projected proportion of
undernourished people in figure 4 must be interpreted as an
indicator of potential exposure to undernourishment. The steep
increase from 2010 can therefore be read as an urgent need
for some form of policy response. This might take the form,
for example, of increasing yields through the adoption of
improved technologies, clearing more land which decreases
the supply of other ES, increasing food imports or reducing
food exports, or promoting a different range of crops, or
policies to slow down the population growth through volun-
tary schemes, for example meeting the demands for modern
contraception. Approximately 26% of married women have
an unmet need for family planning methods [97]. Currently,
Malawi has adopted a Farm Input Subsidy programme to
increase crop yield, though this is dependent on international
donor support [104]. This scenario for Malawi is not unique.
Many developing countries with growing populations face
enormous challenges to meet their future food needs. This
will require international efforts as well as national- and
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8local-level changes in land use to increase food production and
sustainable population growth.
While the FAO methodology and FEEDME projections for
current and future undernourishment assessments are useful
for identifying potential trends and responses at the national
and policy level to strengthen food security, the approach is
not very helpful at the community and landscape scales, or
in recognizing the links between food production, food secur-
ity and ES which underpin this production. This is because the
national-level food balance sheets used in the FAO method-
ology are generated from aggregated agricultural statistics.
These are frequently unreliable as illustrated in the case of
Malawi by the discrepancy in maize yields for 2006/2007
reported by the Ministry of Agriculture and the National
Statistics Office [104]. Although yields per hectare were simi-
lar in the two reports, the Ministry of Agriculture assumed
the number of rural households was 1 million higher than
the National Statistics Office, with the inflated number of
households thought to be linked to the popularity of the
Farm Input Subsidy programme [104]. The implications are
not trivial as the inflated number of households results in
national production estimates that suggest the country is pro-
ducing more than 4000 calories per person per day, which is
more than double the amount commonly assumed [104].
Another problem with agricultural statistics is that they do
not account for foodstuffs that are not traded commercially, or
more traditional crops or wild foods within the agro-ecosystems
and fields. For example, in South Africa, High & Shackleton
[105] reported that over 30% of the value of all edible plants
harvested from homestead plots and gardens came from
non-conventional or wild species. A good example of this
in Zomba District, Malawi, is a vegetable dish made from
wild-harvested orchid tubers, locally known as Chikande.
In addition, for the very poorest and rural communities, their
diets are likely to be significantly different from the national food
consumption lists thereby making the relationship between
access to food (based upon income) and dietary intake uncertain.
For these reasons, it is necessary to identify ways to bridge the
gap in food security from the national to local levels, and
ensure different spatial scales of analysis are integrated. This
requires information and insights at the local scales, which can
be gained through a variety of approaches, such as food diaries,
focus group discussions, participant/household observation
and the use of participatory rural appraisal techniques.
(b) Disaggregating ecosystem service beneficiaries in
terms of their food security needs
A growing bodyof literature highlights the particular importance
of wild foods to children, HIV/AIDS-affected households and
the poor [36–38,106]. This pattern is evidenced in Malawi.
For example, dependence on forest reserves and customary
forests for fuelwood is the greatest among poorer house-
holds [107]. Kamanga et al. [48] reported that in Chiradzulu
district, the poorest households obtained 65% of their cash
and non-cash income from NTFPs, compared with 25% from
agricultural production and that the relative proportion
declined with increasing wealth. Abu-Basutu [108] found
at two sites in South Africa that HIV/AIDS vulnerable
households had lower calorie intakes than non-vulnerable
households, despite the higher need, and that in both sites
males in the age groups aged 14–30 in vulnerable households
had daily calorie intakes significantly below those recommendby the FAO. Females and all other age groups of males had
satisfactory calorie intakes. The costs of obtaining essential
ES may fall on different people within a household, as is the
case for water collection in Malawi, which is predominantly
considered a job for girls and women. Despite this recognition,
the majority of studies on ES assume, implicitly or otherwise,
that a given ES has a single value for all beneficiaries (see
[109] for a rare large-scale study that considers the ability of
beneficiaries to replace ES in their mapping of services).
We suggest that there are several complementary approa-
ches to identify the relative contributions of ES to food
security for different groups of beneficiaries. One of these is to
use participatory rural appraisal methods [110,111] to priori-
tize, and hence value, the most important ES (in relation to
food security) for different social groups. Such prioritization
should use local criteria (as opposed to opportunity cost
which is the dominant economic approach to value commu-
nities’ use of provisioning ES), such as taste, frequency of use,
volume of use, availability during times of stress, accessibility
or cultural requirements (e.g. [112]). In Malawi, participatory
methods have served to highlight the importance not just of
wild foods but also of income obtained from ES (such as
through sale of fuelwood and charcoal) as coping strategies
during periods of food insecurity [113,114]. Such participatory
datasets can then be linked to spatially explicit maps showing
the source of the prioritized ES in the landscape (e.g. [115]).
By combining these maps with models of the impacts of climate
change on ES, e.g. through the use of FEEDME for crop yields or
KINEROS (kinematic runoff and erosion model) combined
with GIS AGWA (Geographic Information Systems Automated
Geospatial Watershed Assessment) for water flow projections
[116], scenarios can be developed of current and future food
and nutrition security faced by local populations.
While models similar to FEEDME can project estimates of
per-capita energy (calories) provision as an important aspect
of food security, a more complete picture of the role ES play
for food security might focus on obtaining data on macronutri-
ents or protein intake as an important part of peoples’ diets or
dietary diversity. A good example of this approach is demon-
strated by Golden et al. [106] who showed that removing access
to bushmeat for a forest community in Madagascar would
increase anaemia in children by 29% and triple the number
of cases in the poorest households. Work by Kaschula [117]
showed that HIV/AIDS vulnerable households had lower diet-
ary diversity, unless they had access to wild foods which could
compensate for the loss of certain purchased foods (owing to
declining household income from increased healthcare
demands and perhaps the loss of income owing to ill health)
or self-produced crops owing to labour shortages. To gain
this level of understanding of nutritional outcomes participa-
tory methods are required, such as food diaries (e.g. [36]),
health diaries and mapping [118], and anthropometric
measurements (e.g. [119]). The latter typically involve measur-
ing the height, weight and mid-upper arm circumference of
children under the age of five since nutritional deficiencies
are most notable among this age-group, and often have
devastating and long-lasting consequences [120,121].
Large-scale datasets which contain information on the
nutritional status of young children (and their mothers) exist
(for example the Malawi Demographic and Health Surveys
(MDHS) conducted every 5 years and the Malawi Integrated
Household Survey (MIHS) also collected on a 5-yearly basis).
Both the MDHS and MIHS collect some data on food
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9consumption. In the case of the former, the focus is on children
under the age of 5 years and on food consumed in the 24 h
before the survey. The MIHS collects data on household food
consumption but this is not accurately measured, and thus
the calorific estimates are crude. Additionally, since these sur-
veys are not repeated at household level, it is not possible to
assess the seasonal changes in dietary intake or the nutritional
status of individuals. By conducting repeated household sur-
veys and anthropometric measurements in different seasons
and improving on the estimation of calorific inputs using diet-
ary diaries and food scales, it is possible to begin to understand
the transitions into food insecurity and poor health of the rural
poor and how much they depend on ES for their well-being
(e.g. [106]).
(c) Recognizing trade-offs between ecosystem services
for food security
Understanding the direct and indirect contributions of ES
to food security of different social groups is necessary to recog-
nize and manage the trade-offs that may occur. This extends to
the consideration of the clear temporal dimensions (both in
terms of seasonal support and in times of stress) of dependence
on ES [36,37,122,123]. A typical example is the commercializa-
tion of NTFPs by elites, which can lead to the loss of the
resource as a safety-net for the poorest [32,33]. In Malawi,
this applies to the trade in firewood or charcoal [48], which
may undermine supplies at a local level for direct household
needs and, if not managed sustainably, may lead to the degra-
dation of other provisioning and regulating ES. Here, we
hypothesize about how the use of a combination of a DPSIR
process and a modelling platform, such as ARIES, could help
to improve the outcome of ES trade-offs in relation to food
security and environmental sustainability.
The charcoal trade employs over 200 000 people [124] and
is considered to be the third largest industry in the country
(valued at over US$40 million or 0.5% of GDP), yet produces
no official revenue [125]. In spite of legal production being
possible there was no single case of legal charcoal production
in 2010 [125]. Charcoal is predominantly (but not exclusively)
produced by men [126]. Although charcoal is considered to
be a key contributor to deforestation [28], as yet there appears
to be no information about how this ES may conflict with the
use of the same resource for firewood, which is predomi-
nantly collected by women and children, and for other ES
that play an important role for food security such as
NTFPs, bushmeat, drinking and irrigation water. The conflict
between these ES uses can only get worse as the charcoal
market is expected to double by 2023 [124].
Participatory mapping of the source of different ES at
local level and quantification of their use by different societal
groups are the first step towards achieving more equitable man-
agement. As some of the drivers of the charcoal trade (e.g. urban
fuel demand) are external to the local level, it is imperative that
discussions are held at multiple levels. Stakeholder workshops
bringing together community representatives with district and
national decision-makers are needed. In line with the call of
the Convention on Biological Diversity for intersectoral collab-
oration, such workshops can only be useful if they bring
together people with an interest in food security as well as
those concerned with energy and the environment. Informed
decision-making can be supported through the use of modelling
platforms, such as ARIES, to present information about flowsof different ES to different beneficiaries as well as playing
through different policy scenarios. While one option might be
to further restrict access to forest resources, this has been
found to lead to increased income inequality [48,127].
Experience from elsewhere [128,129] suggests that greater
decision-making at local level might lead to a possible win–
win scenario in which community-based natural resource
management (CBNRM) plans ensure sustainable charcoal pro-
duction. Participatory work on understanding natural resource
governance at local level might explain why options for
CBNRM and legal charcoal production—which are already
available in the national policy—have not been taken up in
practice and lead to modifications in their implementation. In
the area around Zomba, understanding the impacts of different
forest use scenarios on ES, such as water flow and siltation,
could open the door for the local hydroelectric power producer
to support CBNRM in communities to ensure more regular
electricity supplies (M. Longwe 2012, personal communi-
cation). Understanding which beneficiaries benefit from
which ‘bundles’ of ES could be important to determine how
costs and benefits of land-use changes are allocated. Similar
scenario building based on a disaggregated understand-
ing of ES flows and beneficiaries could be helpful for
decisions on proposals for large-scale land-use conversion
to bioenergy crops. For example, a Jatropha oil-processing
plant has become operational in Lilongwe and there is pressure
on Mkuwazi forest in Northern Malawi for conversion to
sugarcane production.
These examples highlight that, with explicit under-
standing of disaggregated sources and beneficiaries of ES,
and the complex relationships between ES and food security
at different scales, appropriate response mechanisms can be
designed through policy and education. The translation of
those diverse drivers and pressures into tangible and quanti-
fiable directions for policymakers is vital and requires the
development and implementation of new strategies that sup-
port the needs of local communities. While changes are
taking place on a global scale, the effects at local and regional
levels are poorly understood, hard to predict and thus diffi-
cult to mitigate with appropriate policy actions. Sahley et al.
[30] argue that the debate about how best to achieve food
security in Malawi has been concentrated too much at the
national level between government and donors, rather than
engaging civil society and the private sector. The FEEDME
results highlight the dangers of policies made to address
issues observed at the national scale having potentially dire
consequences at the local level when ‘hidden’ ES benefits are
not explicitly understood or taken into account. For example,
many poor people survived the Malawi famine in 2001/2002,
which was primarily caused by failed maize crop production
through flooding and drought, by harvesting food, such as
fruits and bush millet from remaining natural habitats. It is
easily conceivable that the national response to challenges
highlighted with the FEEDME analysis presented earlier may
result in increased pressure on natural habitats through more
natural land conversion to cropland. This may in turn generate
perverse incentives for local communities, which increase
pressure on the ES that they depend on. Conversely, the
application of the ES framework, as we have outlined above,
could lead to the recognition of the spatially and temporally
differentiated importance of ES to different societal groups.
A clear goal to resolve trade-offs to the benefit of the poorest
could give rise to a response which focuses on improving the
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resource management rights and expertise) needed to support
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ing to greater food security and more sustainable use of
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Many forecasts of the future show that human development
cannot continue on the current trajectory without large-
scale changes in ES that underpin human well-being. Using
the example of the ES framework as applied to promoting
or ensuring food security, we have demonstrated the inextric-
able links between ES and human well-being, illustrated by
the situation in Malawi as a typical developing country.
From this, we offer the following conclusions:
(i) Business as usual in science, agriculture and ecosystem
management is not going to be sufficient to meet the chal-
lenges of near- and longer term futures, especially in the
face of ‘perfect storm’ combinations of stressors. We need
novelty in the questions asked and the frameworks used.
(ii) Food security represents the epitome of needing the natural
and social sciences to work together in interdisciplinary
ways and, for implementation, in transdisciplinary ways.
The ES framework is a potentially useful vehicle for this.
Agriculture and food security are moulded by (non-
agricultural) ES and ES are impacted by agriculture,
population increase and climate change, making the
relationship both complex and very challenging.
(iii) Because of the need for novelty and inter- and transdis-
ciplinary cooperation, bundling of conceptual and
analytical frameworks is the key. No single framework
can capture all salient aspects of the system atappropriate resolutions and at multiple scales. If used
at multiple scales, and with a view to impacts on differ-
ent societal groups, the DPSIR framework may be
helpful by explicitly focusing on drivers of different
kinds, their impacts and possible responses.
(iv) Average outcomes, predictions and policies are insuffi-
cient as demonstrated in our FEEDME example from
Malawi. There must be appropriate resolution to identify
who are the vulnerable, when, where and why, and how
these change with context and time. Uncertainty is a
reality and needs to be integral to frameworks used.
Agro-ecosystems, including managed forests and pastures,
cover almost 40% of the Earth’s terrestrial surface [130]. As
major providers and consumers of ES, effective and sustainable
management of these agro-ecosystems is essential within the
broader landscape. We conclude that implementing the ES fra-
mework to understand and negotiate trade-offs at the critical
interface between agro-ecosystems and less transformed systems
is a promising way forward for meeting the simultaneous needs
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